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Abstract 


Neuro-inflammation is a common feature of various central nervous system (CNS) disorders, including stroke, 
Alzheimer’s disease, Multiple sclerosis, etc., and has a significant impact on the outcomes. Regulation of the immune 
response has therapeutic value. Interferon regulatory factor 4 (IRF4) is a hemopoietic transcription factor critical for 
activation of microglia/macrophages and modulation of inflammatory responses. The effects of IRF4 signaling on 
inflammation are pleiotropic, and vary depending on immune cell types and the pathological microenvironment that is 
regulated by both pro- and anti-inflammatory cytokines. Mechanistically, IRF4 is a quintessential ‘context-dependent’ 
transcription factor that regulates distinct groups of inflammatory mediators in a differential manner depending on their 
activation in different cell types including phagocytes, T-cell subtypes, and neuronal cells. In this review, we summarized 
the recent findings of IRF4 in the context of immune responses in different cell types with diverse pathological 
conditions. The primary goal of this review is to understand the signaling pathways and beneficial functions of IRF4, in 


hope of developing effective therapeutic strategies targeting the immune responses to neurodegenerative diseases. 
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Therefore, it is crucial to regulate the immune response to 


Background 


Inflammation is a fundamental pathological procedure 
in acute and chronic neurodegenerative disorders such as 
stroke, Alzheimer’s disease (AD), multiple sclerosis (MS), 
etc. [1-3]. Mechanistically, inflammation is a complex 
patho-physiological procedure where immune cells and 
mediators orchestrate aspects of the inflammatory 
responses to pathogens and/or tissue injuries [4]. The 
immune response plays a critical role in host defenses 
against those pathological stimuli; however, it is a 
“double-wedge sword”, and over-reaction of the immune 
system may exacerbate the tissue damage [5,6]. 
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promote/suppress the beneficial/detrimental effects 
respectively, so that better outcomes can be achieved. 


A large number of proteins have been identified as 
potent regulators for inflammation. For the past decade, 
the interferon regulatory factors (IRFs) have been 
extensively studied in the context of immune responses 
and have been shown to have functionally regulatory 
roles [7,8]. IRFs were originally identified as transcription 
factors of type I IFN, including nine different forms from 
IRF1 to IRF9 based on their binding motifs [7]. IRF family 
shares the common N-terminal DNA-binding domain 
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consisting of 115 amino acids with five tryptophan 
repeats, but largely varies in C-terminal domain. IRF4, 
also known as multiple myeloma oncogene-1 (MUM1), is 
an IRF family transcription factor that is restricted in 
expression to the immune system and has critical roles in 
regulating immune responses [9,10]. Recent findings 


(Th) cells, regulatory T (T-reg) cells, dendritic cells, 
macrophage/monocytes, and microglia, but also responds 
to changes of cellular micro-environment to manipulate 
the inflammatory process (Table 1). In this review, we 
summarized the recent advance in the understanding of 
cardinal features of IRF4 in inflammation and highlight 


suggested that IRF4 not only determines’ the the potential therapeutic value of the transcription factor 
developmental fate of immune cells including T helper in neuro-inflammation diseases. 
Expression pattern Pathological 
Target gene (celltype) Role condition Reference 
IL-6 and IL-17 Intestinal cells pea ep aan nary Te wes [78,76] 
pathway colitis 
Smad2/3 T cells T cells induction, Allergic Asthma [97] 
T cells, T-reg in Th17 cells maturation, 
IL-21 and IL-17 en 8 proliferation, adipose tissue RA, Obesity [64,98,99] 
adipose tissue . f 
inflammation 
IL18 and TNFa Adipose tissue Obesity-induced inflammation [30] 
(NOD2), TRAF6 Resear Down-regulation of NF-«B an 184] 
and RICK Prop ealle activation. 
RORyt Experimental colitis. Th17-dependent colitis IBD [77] 
Fox01 alveolar macrophages Anti-inflammatory response Allergic asthma [79] 
oe Promote dendritic cells Inflammatory 
potas Denenbeceh differentiation to Th2 response | pulmonary disease 100i 
. ; Differentiation of effector T-reg Auto-immune 
Bin pT alice antes cells and increase IL-10 levels disease a 
Foxp3 T-reg 
ROCK2 T cells IL-17 and IL-21 production se [23,102,103] 
disease 
Recruitment of histone H3 and 
Runx3 Thymic CD4/CD8 H4 in the Runx3 promoter [104] 
region 
IL-4 T cells Interact with NFATc2 to Auto-immune [93] 
regulate IL-4 expression disease 
eeuhanean Decrease pro-inflammatory 
IL-18, TNFa ee cytokines via M2 macrophage Obesity [30] 
adipose tissue fame 
polarization 
CCL17 Macrophage Ree Blab op Coy ealeny aod Arthritis and pain [105] 
pnas algesic actions of GM-CSF P 
TNF-a, IL-1, IL- Decrease pro-inflammatory and Experimental 
6, IL-12/IL-23 Dendritic cells increase anti-inflammatory Autoimmune [65] 
(p40) and IL-10 cytokines Encephalomyelitis 
T-cells and B-cells co-ordination 
DEF6 and in systemic lupus 
SWAP-70 CD4+ T cells (SLE) [25] 


Erythematosus (SLE) 


Table 1: Potential target genes of IRF4. 


Structure of IRF4 


Unlike other members of the IRF family, IRF4 has two 
conserved functional domains: an N-terminal helix-turn- 
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helix DNA binding domain (DBD) with a signature five 
conserved tryptophan residues and a_ C-terminal 
interferon activation domain (CIAD) including B-sheets 
and loops that serve as the binding site for its co- 
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regulators [11,12]. DBD binds with the interferon- 
stimulated response element (ISRE) consensus sequence 
within the target genes by recognizing GAAA sequence 
AANNNGAA sequence motifs [13]. By using a combination 
of X-ray and a small-angle X-ray scattering (SAXS) assay, 
previous studies have found that CIAD possesses a flexible 
30 amino acid containing auto-inhibitory region (AR) that 
is not folded into the CIAD [12,14]. AR is required for 
binding of DBD with target genes and maintains IRF4 in 
an auto-inhibited state [15-17]. The structural domain 
organization is shown in Figure 1. 


1 139 238 430» =450 


Figure 1: Structural domain organization of IRF4. DBD: 
DNA binding domain, LKD: linker domain, CIAD: C- 
terminal interferon activation domain, AR: Auto- 
inhibitory region. 


Activation and co-regulators of IRF4 


The functional activity of IRF4 is primarily dependent 
on the pattern of phosphorylation that varies from cell 
type to cell type. IRF4 binds DNA with low affinity that 
however can be strengthened by interactions with 
binding partners, including other IRF family members, the 
leucine-zipper hetero dimer BATF-JunB, STAT6, PU.1 and 
PGC-1a, etc [18-22]. Biswas et al. reported that the 
autoimmunity in mice largely depends on _ the 
phosphorylation of IRF4 by Rho-associated protein kinase 
2 (ROCK2), which activates mouse T-cells to produce IL- 
17 and IL-21 [23]. The activation of IRF4 is crucial for IL- 
21 mediated induction, amplification, and stabilization of 
Th17 phenotype. On the other hand, virus-mediated 
transformation of IRF4 is triggered by c-Src-mediated 
tyrosine phosphorylation [24]. Moreover, it has been 
reported that the specificity of IRF4-DNA binding depends 
on lineage-specific transcriptional co-regulators. For 
example, in B cells, IRF-4 expression is strongly 
upregulated upon costimulation of B cells with CD40 and 
IL-4, where IRF4 acts as both the target and modulator of 
IL-4 signaling pathway [21,25]. 


Epigenetic regulation of IRF4 can determine the 
ultimate fate of immune cells, usually through the 
interaction of IRF4 with Jumonji domain containing 3 
(Jmjd3), a histone 3 Lys 27 (H3K27) demethylase, by 
which macrophages are polarized towards M2 phenotype 
[26]. Jmjd3 removes an inhibitory trimethyl group from 
H3K27 at the promoter region of IRF4 to induce IRF4 
expression, a process regulated by IL-4-induced STAT6 
signaling. After IL-4 stimulation, STAT6 is increased and 
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binds with the consensus sequence of Jmjd3 promoter, 
resulting in increased Jmjd3 activity and decreased 
methylation of H3K27 [27,28]. The role of Jmjd3-IRF4 axis 
in M2 macrophage polarization has been proven in 
studies of multiple inflammatory diseases, including 
helminth infection and periodontitis [26,29]. 


Synergistic binding with co-regulators increases IRF4 
DNA-binding affinity [30]. A number of co-regulators have 
been identified by means of biochemical, genetic, 
molecular, and cellular strategies. For example, PU.1 is a 
hematopoiesis-specific family transcription factor 
expressed in myeloid and B cells [26] that binds to DNA 
and recruits its trans-activation partner, IRF4 [31]. 
Absence of PU.1 results in weak interaction of IRF4 with 
template DNA [22]. Furthermore, phosphorylation of 
S148 in the PEST (proline, glutamine, serine, and 
threonine rich) domain of PU.1 is essential for strong DNA 
binding of IRF4 in vitro [32]. In conditional PU.1 knockout 
mice, disruption of PU.1 in mature B cells by the CD19-Cre 
locus did not affect B-cell maturation [33]. Similarly, IRF4 
/- mice showed a relatively normal B and T lymphocyte 
distribution and cellularity compared with wild type 
controls at early age [34]. The above two findings 
suggested that the sole deficiency of either PU.1 or IRF4 
had no significant detrimental effect on B cell maturation. 
In contrast, cooperative interaction of PU.1/IRF-4 
promotes antigen presenting functions, activation and 
differentiation of B lymphocytes as well as antibody 
diversification in chicken B cells [35,36]. Another co- 
regulator, switch-associated protein 70 (SWAP-70), has 
been shown to control IRF4 protein expression and 
thereby regulate the initiation of plasma cell 
differentiation [37]. Rebecca et al. reported that nuclear 
factor KB (NF-«B) and RelB were also transcriptional co- 
activators of IRF4 [38], and the complex is essential in 
establishing a pattern of gene expression that promotes 
cell proliferation, survival, and_ differentiation of 
lymphocytes. Gupta et al. have isolated a human cDNA 
gene (Def6) that encodes IRF4-binding protein (IBP), 
another potential co-regulator of IRF4 sharing substantial 
homology with SWAP-70 [21]. Collectively, functional 
activation of IRF4 requires recruitment of intrinsic factors 
that vary depending on cell types. 


The Role of IRF4 
Neurodegenerative Diseases 


Signaling in 


Role of IRF4 in stroke 


Ischemic stroke triggers a complex cascade of events 
that interplay with innate and adaptive immune systems. 
Microglia, the resident immune cells in the brain, is the 
key initiator and the most potent regulator of immune 
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responses to stroke [39]. The activation of microglia is 
largely dependent on the microenvironment of the 
ischemic brain. The classically activated microglia (M1) 
release destructive pro-inflammatory mediators while 
alternatively activated microglia (M2) clear cellular debris 
and trigger anti-inflammatory processes, a mechanism 
strictly controlled by endogenous transcription factors. 
M1 microglia are characterized by expression of signature 
proteins such as TNF, iNOS, IL-6 and MHC-II. By contrast, 
M2 populations are characterized by arginase-1, IL-10, 
TGF-B and CD206, etc. Studies of the peripheral 
inflammation suggested that the macrophage M1 
phenotype is regulated by IRF5 mediated pro- 
inflammatory pathway whereas the M2 phenotype is 
regulated by IRF4-driven anti-inflammatory signaling 
pathway [26,40-42]. Initially, IRF4 was considered a 
lymphocyte-restricted member of IRF family that 
regulates the lymphocytic response exclusively; however, 
recent findings have suggested that IRF4 is also expressed 
in myeloid cells and possesses a broad functional 
spectrum in insulin resistance, cardiac pathology, cell 
survival, and oncogenesis [30,43-45]. Furthermore, the 
latest studies reported that IRF4 exerts neuroprotection 
in adult and neonatal stroke mice [46,47]. IRF4 competes 
with IRF5 for binding to the adaptor MyD88 that 
transmits TLR outside-in signaling to NF-«B and other 
pro-inflammatory transcription factors [48]. Like other 
transcription factors, IRF4 also needs to _ be 
phosphorylated by its co-regulator to translocate into the 
nucleus [23,24]. By examining mRNA in sorted microglia 


from mice stroke brains with flow cytometry (FC), we 
observed an increased IRF4 mRNA level at 3d of stroke 
that declined by day 7 (Figure 2A). Interestingly, the 
microglial expression of CD206, an anti-inflammatory 
cytokine, showed the same pattern as that of IRF4 mRNA 
(Figure 2B), suggesting IRF4 is important in inducing M2 
microglial activation. Studies from other groups also 
found an evident link between IRF4 and _anti- 
inflammatory responses. For example, over expression of 
IRF4 resulted in increased IL-4 and IL-10 expression and 
decreased IL-9 production in Th2 cell type [49]; IRF4/- 
mice were defective in producing anti-inflammatory 
cytokines (i.e IL-4 and IL-10) and there was a high 
propensity of pro-inflammatory cytokines like TNFa and 
IL-6 in LPS-induced sepsis [50]. One recent study also 
reported that the expression of IRF4 was strongly induced 
in bone marrow derived macrophages upon priming with 
IL-4, suggesting an important role of IL-4 in shaping M2 
phenotype through IRF4 [28]. 


Interestingly, neuronal expression of IRF4 also assists 
in improving outcomes from stroke [46]. IRF4 over- 
expressed mice had reduced infract size and improved 
neurological deficits than wild type mice; whereas 
conditional KO of IRF4 in neurons induced exacerbating 
effects. IRF4 was found to directly activate and up- 
regulate the expression of serum response factor (SRF) 
that counteracts programmed cell death in ischemic 
brains [46]. 


‘ Microglia 


Figure 2: Flow cytometric (FC) characterization of M2 microglia activation after stroke. 
(A) CD206 expression on gated microglia at 3d and 7d of stroke (left three plots). Mean fluorescence intensity (MIF) of 
CD206 on microglia showed CD206 significantly increased at 3d but decreased to baseline at 7d. P*<0.05; n=4~6/gp. 
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Figure 2: Flow cytometric (FC) characterization of M2 
microglia activation after stroke. 

(B) Levels of IRF4 mRNA in FC sorted microglia at 3d and 
7d after stroke showing the same pattern as that of CD206 
expression. P*<0.05; n=4~6/gp 


to all CNS disorders 
Alternatively activated (M2) macrophages/microglia have 
been reported to have neuroprotective effects not only in 
stroke [51], but also in traumatic brain injury [52], spinal 
cord injury [53] and AD [54]. In AD, most of activated 
microglia was associated with dense-core plaques; 
however, a few were found in the vicinity of diffused AB 
deposits [55-57]. Reactive microglia clear the AB deposits 
via phagocytosis [58] and are a primary source of 
inflammatory factors [59,60]. Recent research suggested 
the IRF4-mediated neuroprotection in CNS disorders is 
induced through altering IRF5/4 ratio in microglia 
[47,54]. In a rat AD model, intracerebroventricular 
injection of A®i - 42 switched M2 microglia to M1 and 
increased levels of IRF5/4 ratio. Notably, transplantation 
of M2 macrophages attenuated inflammation in the brain, 
reversed Af; -42-induced changes in the IRF5/4 ratio, and 
ameliorated cognitive impairment via M2 microglia 
polarization [54]. These studies suggest that IRF4 is a key 
player in developing an anti-inflammatory micro- 
environment in 


IRF4-mediated neuroprotection in Alzheimer’s 
disease. 


IRF4 may be important to regulate immune responses 
and confer neuroprotection. 


AD brains. 


Role of IRF4 in Experimental autoimmune 
encephalomyelitis 


Multiple sclerosis (MS) is an autoimmune disease that 


is characterized by recurrent episodes of T-cell-mediated 
immune attack on the protective myelin and the spinal 
cord, leading to axonal damage and progressive disability 
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[61,62]. One recent study demonstrated that the 
imbalance between different immune cell subsets, such as 
Th1/Th2 or Thi7/T-regs, greatly contributes to the 
axonal damage induced by the experimental autoimmune 
encephalomyelitis (EAE), an animal model of MS [63]. It 
has been found that IRF4 was critical for generation of the 
autoimmunity in EAE. Selective inhibition of IRF4 with 
siRNA decreases EAE scores, reduces the infiltration and 
differentiation of Th1 and Th17 cells, and down-regulates 
Th-17 response in EAE. Furthermore, in a DC-T-cell co- 
culture system, siIRF4-treated DCs_ resulted in 
significantly less IFN-y and IL-17 production in T cells. 
Notably, transfer of CD11c* DCs from silRF4-treated mice 
into recipient mice induced significantly reduced 
expression of pro-inflammatory cytokines TNFa, IL-1b, 
IL-6, and IL-12/IL-23 (p40), with a corresponding 
increase in anti-inflammatory IL-10 expression. These 
data suggest that IRF4 deficient mice are resistant to the 
development of EAE [64,65]. 


Apart from the role of IRF4 in Th17 cells, the etiology of 
EAE also involves IRF4-mediated inflammation triggered 
by IL-17-producing CD8+T (Tc17) cells [66]. Tc17 cells 
are detectible in multiple sclerosis (MS) lesions and CSF of 
patients with early-stage MS [67]. For the first time Huber 
et al. reported that Tc17 differentiation is controlled by 
IRF4-mediated expression of RORyt, Eomes, and Foxp3 in 
CD8+ cell [68]. In the absence of IRF4, Tc17 development 
was abolished in vivo. After immunization of myelin 
oligodendrocyte glycoprotein 37-50 (MOG37-s0) peptide, 
IRF4/- mice showed a complete EAE resistance [68]. 
Surprisingly, adoptive transfer of WT CD8+ T cells and 
subsequent immunization of MOG37-50 in IRF4/ mice led 
to development of Tc17 cells in the periphery that 
however were not able to infiltrate on their own into the 
CNS and not enough to restore EAE pathology in IRF4/ 
mice [68]. Next the authors tried to evaluate whether the 
CD8+T cell function are dependent on CD4+ T cell 
mediated activation for EAE pathology, and found that 
CD8+T cellsmutually interact with CD4+ T cells to induce 
EAE in IRF4/ mice [68]. These data suggested that Tc17 
cells directly interplay with CD4+ T cells, leading to the 
production of IL-17A in IRF4 deficient microenvironment 
and the induction of EAE pathology [68,69]. The fact that 
the IRF4 signaling has different effects in Th17 vs. Tc17 
cells suggests that the role of IRF4 in inflammatory 
responses varies depending on cell types. 


IRF4 in other inflammatory processes 


Inflammatory bowel diseases (IBDs) 


IBDs are characterized by chronic relapsing 
inflammation in the gastrointestinal tract independent of 
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specific pathogens. There are two major forms of IBDs: 
Crohn disease (CD) and ulcerative colitis. In IBDs, the 
activation of the mucosal immune system is characterized 
by the production of pro-inflammatory cytokines [70-72]. 
IL-6is a pleiotropic cytokine secreted mainly byT 
cells and macrophages that has both pro- and _anti- 
inflammatory properties. Importantly, pro-inflammatory 
properties of IL-6 signaling are the major driving force for 
the pathogenesis of IBDs [73,74]. 


Role of IRF4 in mucosal inflammation in CD: CD is a 
heterogeneous disease characterized by aggressive T cell 
responses. The onset and reactivation of the disease is 
triggered by multiple factors such as 
infections/vaccinations, genetic susceptibility, 
environmental triggers (smoking, diet, etc.) that 
transiently break the mucosal barrier and stimulate 
immune responses [75]. Recently, IRF4 has been found to 
be necessary for IL-6 and IL-17 dependent pathogenesis 
of CD [76,77]. IRF4/ deficient T cells fail to induce colitis 
in adoptive transfer experiments in RAG-knockout mice 
which have no mature B and T lymphocytes, suggesting 
that the protective capacity of IRF4 deficiency is at least 
partially due to the effects of T lymphocyte inactivation 
[76]. Mechanistically, IL-6 expression was strongly up- 
regulated in the inflamed colon of WT but not IRF4- 
deficient mice. In contrast to mucosal IL-6 levels, splenic 
cell-derived IL-6 production in colitis was not different 
between WT and IRF4-/- knockout mice. These results 
suggest that IRF4 regulates mucosal rather than systemic 
IL-6 levels in the experimental colitis [76,78]. 
Furthermore, patients with either CD or ulcerative colitis 
exhibited an increased IRF4 expression in lamina propria 
CD3+ T cells and elevated levels of mucosal IL-6 
compared with controls [76]. It is likely that the 
involvement of IL-6 and IRF4 is a common feature of 
immune responses, as other inflammatory processes also 
showed the similar characteristic, e.g. in allergic asthma 
[79]. Beside IL-6, IL-17 also interacts with IRF4 to impact 
the chronic intestinal inflammation and autoimmunity 
[80]. The development of inflammatory Th17 cells and IL- 
17 production are dependent on IRF4 [64]. IRF4 
deficiency was protective in T-cell-dependent transfer 
colitis associated with reduced RORa/yt levels and 
impaired IL-17production, suggesting that IRF4 acts as a 
master regulator of mucosal Th17 cell differentiation in 
CD [77]. The roles of IRF4 in mucosal T-cell mediated 
inflammatory responses have been illustrated in Figure 
3A. 
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Figure 3: The role of IRF4 in mediating T-cell’s secretion 
of IL-6 and IL-17 in Crohn disease (CD). 

(A) IRF4 dependent mucosal IL-6 production in 
experimental colitis. 


Epigenetic regulation of IRF4 in CD: IRF4-mediated 
inflammatory responses are associated with nucleotide- 
binding oligomerization domain 2 (NOD2) gene functions, 
the major epigenetic risk factor in CD. Loss-of-function of 
NOD2 leads to abolition of microbial sensing of bacteria- 
derived muramyl dipeptide (MDP) and increased pro- 
inflammatory cytokines in CD driven by excessive NF-KB 
activation [81,82]. It is well established that MDP acts asa 
high-affinity ligand for and a stimulant of Nod2 [82,83]. In 
a colonic inflammation model, MDP activation of NOD2 
resulted in an increased IRF4 expression; and 
subsequently, IRF4 bound MyD88, TRAF6 and receptor 
interacting serine-threonine kinase (RICK), leading to 
IRF4-mediated inhibition of Lys63-linked 
polyubiquitination of TRAF6 and RICK followed by down- 
regulation of TLR-MyD88-induced NF-xB activation [84]. 
Previous studies have identified a key regulatory role of 
IRF4 in mediating IL-6 production by mucosal T cells and 
subsequently T cell apoptosis [76]. IRF4 expression in IBD 
patient was augmented in the presence of active 
inflammation in contrast to other forms of IRFs (IRF1, 
IRF5, and IRF8) [77]. The possible roles of IRF4 in CD- 
induced inflammation are complicated and summarized 
in Figure 3B. 
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Figure 3(B): Relationship between IRF4 and epigenetic 
regulation of CD. 


Rheumatoid arthritis 


IL-17 is a pro-inflammatory cytokine produced by 
Th17-lymphocytes lineage in response to injuries, and has 
a key role in inflammatory responses not only in EAE and 
IBD, but also in other autoimmune diseases such as RA 
[85], large-vessel vacuities [86] and autoimmune 
encephalomyelitis [87]. Emerging data have highlighted 
the immune modulatory effect of IRF4 in autoimmune 
diseases like rheumatoid arthritis (RA), and the effect is 
mainly controlled by IL-17 signaling [85,88]. Despite the 
well-known role of IRF4 in promoting the differentiation 
and maturation of Th17 cells, the signaling pathways used 
by T cells to regulate IL-17 production in RA are not clear. 
Biswas et al. have reported that the phosphorylation of 
IRF4 is one of the key mechanisms by which ROCK2 
regulates the development of autoimmunity in mice and 
induces the production of IL-17 and IL-21 [23]. Therefore, 
the inhibition of ROCK2 signaling pathway can be used to 
test the role of IRF4 in regulating pro-inflammatory 
pathways in T cell subsets [89]. It has been found that the 
downstream proteins of ROCK2 signaling are primarily 
STAT3, IRF4, and RORyt. Selective inhibition of ROCK2 
(treatment with KD025) under Th17-skewing conditions 
down-regulates the phosphorylation of STAT3 and leads 
to reduced levels of IRF4 and RORyt protein in a dose- 
dependent manner in human CD4 T cells, suggesting 
ROCK2 regulates IL-17 secretion via STAT3, IRF4, and 
RORyt transcription factors [89]. It was suggested that the 
ROCK2 mediated phosphorylation of IRF4 is required for 
IL-17 and IL-21 production in autoimmune responses 
[23]. 


The immune modulatory roles of IRF4 in RA are also 
cell-type based. Studies on RA have shown that Th1 cells 
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are pathogenic and Th2 cells are protective [90-92]. IRF4 
plays a critical role in RA by mediating Th2 cell response, 
and Th2 cells secrete anti-inflammatory cytokines 
including IL-4 and play differential roles depending on 
cell types [93, 94]. IRF4 inhibits the production of IL-4 by 
naive CD4+ T cells but promotes the production of IL-4 by 
effector/memory CD4+ T cells [95]. Moreover, IRF4 can 
directly activate the il4 promoter to stabilize the Th2 cell 
developmental program through affecting the expression 
of Gfi1, a transcriptional repressor required for Th2 cell 
differentiation [94]. Indeed, the il4 promoter contains 
multiple IRF4 binding sites that are located adjacent to 
the transcription factor binding sites for known nuclear 
factor of activated T cells (NFAT). NFAT is a family of 
transcription factors critical in regulating early genes in 
response to T cell receptor-mediated signals [96]. Among 
the four known NFAT transcription factors, NFATc1 and 
NFATc2 have been shown to cooperate with IRF4 in 
transactivating reporter constructs driven by the IL-4 
promoter [93]. Interestingly, the data of chromatin 
immune precipitation assay suggested that IRF4 interacts 
with NFATc2 to regulate IL-4 gene regulation [93]. 


Obesity-Induced Inflammation 


In recent years, much research effort has been devoted 
to elucidating mechanisms underlying IRF4-mediated 
inflammatory responses to obesity, particularly the 
release of  anti-inflammatory cytokines from 
macrophages. Functionally, IRF4 is one of the endogenous 
regulators of adipogenesis and adipocyte gene expression 
in obesity [44,99,106]. It has been shown that IRF4 
mediates obesity-induced inflammation through 
regulation of adipose tissue macrophage polarization 
where macrophages play a significant role in the 
metabolic response to obesity [30]. It was concluded that 
IRF4 promotes insulin sensitivity through actions in at 
least two distinct cell types: adipocytes and macrophages. 
IRF4 expression is strictly regulated in primary 
macrophages and in adipose tissue macrophages of high- 
fat diet-induced obese mice [106]. IRF4 knockout (Irf4-/-) 
macrophages produce higher levels of pro-inflammatory 
cytokines, e.g. IL-1B and TNF-a, in response to fatty acids 
in vitro compared to WT macrophages. In adipocytes, 
IRF4 promotes lipolysis and represses lipogenesis in a 
nutritionally regulated manner. Mice lacking IRF4 
specifically in adipose tissue have enhanced weight gain 
and insulin resistant [44]. Consistently, mice lacking IRF4 
specifically in myeloid cells also show reduced insulin 
sensitivity, even in the absence of adiposity [30]. 


There is overwhelming evidence from human and 


preclinical studies that suggest the adipose tissue T-reg 
cells are important in the development of obesity-linked 
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insulin resistance and inflammation [107-109]. The 
development and function of T-reg cells are largely 
depends on Foxp3 (forkhead box P3) [110], and are also 
regulated by IRF4 [111]. IRF4 deficient T-reg cells failed 
to differentiate into effector T-reg cells and lacked Blimp1 
expression, indicating that IRF4 functions upstream of 
Blimp-1 in the differentiation of effector T-reg cells [101]. 
Additionally, IRF4-deficient T-reg cells not only lack 
inducible T-cell co-stimulator (ICOS) and IL-10, but are 
also impaired in the function to regulate key molecules 
required for homing, such as CD62L, CD103 and CCR6 
[101]. Zheng et al. have used Icos as a model gene to test 
the synergistic binding of IRF4 and Foxp3 in 
transcriptional regulation [64]. By using the transcription 
factor binding site prediction algorithm, the authors 
found a putative IRF4 binding site within the Icos 
promoter corresponding to the Foxp3 binding sites [112]. 
Therapeutically, adoptive transfer of CD4+FoxP3+ T-reg 
cells significantly improved insulin sensitivity and 
diabetic nephropathy in obese mice [107]. Foxp3+ T-reg 
cells exert immunosuppressive effect by activating IL-10 
mediated JAK/STAT pathway and blocking IkK activity 
[113] or by inducing tyrosine phosphorylation of STAT-3 
[114]. All together, these data suggest that the regulatory 
role of IRF4 in T-reg cells might be crucial for the T-reg- 


mediated protective effect in  obesity-induced 


inflammation. 


Conclusion 


Previous data from studies on signaling pathways and 
gene profiles have demonstrated that IRF4 has pleiotropic 
effects in immune responses. IRF4 plays a critical role in 
multiple pathophysiological procedures, including 
inflammatory balance, development of T and B cells, 
differentiation of T cell subsets (Th1, Th2 and Th17), 
regulation of T-reg cells, adipose tissue immune response, 
and macrophage/microglia polarization, etc. Abnormal 
expression of IRF4 is related with exacerbating 
pathologies in stroke, AD, and MS. Although IRF4 is widely 
considered the mediator of anti-inflammatory signaling 
pathways in  microglia/macrophage response _ to 
neurodegenerative diseases, the mechanisms by which 
IRF4 coordinates the whole inflammatory response 
require further elucidation (Figure 4) given its multi- 
factorial effects in other inflammatory diseases. Effective 
manipulation of IRF4 signaling pathways might provide 
new insights into the pathology of these diseases, and 
hopefully will help develop new therapeutic strategies. 
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Figure 4: Role of IRF4 in inflammatory disease on immune cells. 


IRF4 affects development and differentiation of T-cells subtypes such as Th2 and Th17. IRF4 differentially regulates the pro- 
and anti-inflammatory cytokine levels in IBD via NOD2/ STAT3/RORyt signaling in naive T-cells, and mediates the 
differentiation of Th2 and Th17 cells via GLi1/NFATc1/NFATc2 and STAT3/RORyt/Blim1/ICOS pathway respectively in 
autoimmune diseases in a lineage specific manner. IRF4 promotes differentiation of T-reg cells via Foxp3/Blimp1/ICOS 
signaling in obesity induced inflammation. In CNS, IRF4-SRF and Jmjd3-IRF4 regulatory axis regulate the neuronal degeneration 
and microglial activation respectively in ischemic stroke and AD. IBD; Inflammatory bowel diseases, RA; Rheumatoid arthritis, 
CD; Crohn disease, EAE; Experimental Autoimmune Encephalomyelitis, SLE; systemic lupus Erythematosus (SLE), MS; Multiple 

| sclerosis, AD; Alzheimer’s disease. 
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